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Improving Signal to Noise in Labeled Biological Specimens
using Energy-Filtered TEM of sections with a Drift Correction
Strategy and a Direct Detection Device

Ranjan Ramachandra®*, James C. Bouwer”, Mason R. Mackey”, Eric Bushong”, Steven T.
Peltier”, Nguyen-Huu Xuong®, and Mark H. Ellisman”

*Center for Research in Biological Systems, National Center for Microscopy and Imaging
Research, University of California at San Diego, 9500 Gilman Dr., La Jolla, CA 92093, USA

Abstract

Energy filtered transmission electron microscopy techniques are regularly used to build elemental
maps of spatially distributed nanoparticles in materials and biological specimens. When working
with thick biological sections, EELS techniques involving core-loss electrons often require
exposures exceeding several minutes to provide sufficient signal to noise. Image quality with these
long exposures is often compromised by specimen drift, which results in blurring and reduced
resolution. To mitigate drift artifacts, a series of short exposure images can be acquired, aligned,
and merged to form a single image. For samples where the target elements have extremely low
signal yields, the use of CCD based detectors for this purpose can be problematic. At short
acquisition times, the images produced by CCDs can be noisy and may contain fixed pattern
artifacts that impact subsequent correlative alignment. Here we report on the use of direct electron
detection devices (DDD’s) to increase the signal to noise as compared to CCD’s. A 3x
improvement in signal is reported with a DDD vs. a comparably formatted CCD, with equivalent
dose on each detector. With the fast rolling-readout design of the DDD, the duty cycle provides a
major benefit, as there is no dead time between successive frames.

Keywords
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Introduction

Elemental maps of spatially distributed nanoparticles and sub-nanometer sized particles are
regularly obtained using both Spectrum-Imaging in STEM (Scanning Transmission Electron
Microscopy) and EFTEM (Energy Filtered Transmission Electron Microscopy) methods
(Browning, et al., 1997; Grogger, et al., 2005; Leapman, 2003; Lozano-Perez, et al., 2009;
Suenaga, et al., 2009). The most popular method for constructing EFTEM images is the
collection of electrons that have lost a specific amount of energy due to an inner-shell
ionization event with the atoms of the sample. These are generally referred to as core-loss or
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high-loss images (Egerton, 1996). Elemental mapping with electron energy loss
spectroscopy (EELS), generally has better energy resolution, spatial resolution and
minimum detection limits in comparison to traditional X-ray energy dispersive spectroscopy
(XEDS) (Carter & Williams, 2009). Many recent studies have used electron energy loss
techniques to explore applications in the biological sciences to detect calcium, iron and
phosphorus in cells and tissues (Aronova, et al., 2008; Aronova, et al., 2009; Leapman &
Aronova, 2007; Zhang, et al., 2005). However, for heavy elements, commonly used for
labeling of biological specimens, the core-loss signal is an extremely small fraction of the
background intensity (Egerton, 1996). In order to obtain EFTEM images to localize labels in
biological specimens with sufficient signal-to-noise ratio (SNR), core loss EFTEM images
generally require exposure times exceeding several minutes (Aoyama, et al., 2002). Such,
long exposures invariably lead to deterioration in image quality, primarily due to specimen
drift (Heil & Kohl, 2010; Hunt & Williams, 1991). A more efficient alternative to long
exposure EFTEM imaging is to take a series of short exposure time images, and use drift
correction to subsequently align and merge these individual images to form a single image
(Aoyama, et al., 2002; Heil & Kohl, 2010; Schaffer, et al., 2004; Terada, et al., 2001). Such
a strategy is known to reduce image blurriness and bring moderate improvements in the
image resolution relative the conventional long exposure acquisition (Aoyama, et al., 2002;
Heil & Kohl, 2010). However, this strategy brings only marginal improvement in the SNR
quality of the image, and still requires the resolution-limiting step of on-chip image binning
to boost the SNR (Aronova, et al., 2009; Heil, et al., 2012; Heil & Kohl, 2010; Hofer, et al.,
1997).

Currently, most EFTEM imaging is performed using CCD based camera systems. In this
paper, we describe the use of a new CMOS-based direct detection system, originally
developed in our laboratory and now improved and commercially available as the DE12
from Direct Electron, LP. (Jin, et al., 2008; Milazzo, et al., 2009; Milazzo, et al., 2005;
Milazzo, et al., 2010; Xuong, et al., 2007; Xuong, et al., 2004). Nearly 30 years ago, Egerton
showed the inherent advantages of direct electron detection for EELS analysis, employing a
conventional photo diode array (PDA) (Egerton, 1984). PDAs are generally built to detect
photons, and direct exposure to high-energy electrons caused severe damage to the detector.
As a result, not much progress had been reported on direct detection until our laboratory
published on the new devices. (Egerton, 1996; Milazzo, et al., 2005). The direct electron
detectors are beam-hardened CMOS devices able to withstand months of operation on a 300
KV TEM with out any significant beam damage (Jin, et al., 2008). Here, we show for the
first time a significant increase in the SNR as compared to CCD detectors for energy-filtered
imaging. The improved SNR with DDD detectors facilitates the recording of EFTEM
images without any binning. In addition, the faster readout speed of the DDD detector and
lack of dead time between successive frames reduces the acquisition time to create the
resultant drift corrected EFTEM, making the direct detection device the ideal detector to
improve SNR and image quality for drift corrected energy filtered imaging applications
which, with a new family of labels anticipated for biological specimens in biology, will
provide a practical approach to mapping of organelles and macromolecules in biological
samples.

Microsc Microanal. Author manuscript; available in PMC 2014 September 29.
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Materials and Methods

Sample Preparation

HelLa cells grown on MatTek dishes (MatTek corp) were transfected with MiniSOG-Rabb5a.
After 12 hours, cells were immediately fixed with 2% glutaraldehyde (EMS) in 0.1 M
cacodylate buffer at pH 7.4 and photooxidation of MiniSOG (Shu, et al., 2011) was used to
drive the deposition of compounds containing cerium or praseodymium. An adult male
C57BL6 mouse was perfused, fixed and vibratomed with a Leica VT1000S, as previously
described (Bushong, et al., 2002). Adjacent pairs of astrocytes in CA1 stratum radiatum
were iontophoresed with fluorescent dyes. One astrocyte was iontophoresed with Lucifer
Yellow and the other astrocyte with Neurobiotin-Alexa 568. The brain slices were further
fixed with 4% paraformaldehyde (EMS) and 0.2% glutaraldehyde (EMS) in 1X PBS for 15
minutes. The brain slices were treated with the proprietary product containing either cerium
or praseodymium, to be described elsewhere. Afterwards, the brain slices were fixed in 2%
glutaraldehyde in 0.15M cacodylate buffer at pH 7.4 for 20 minutes and washed 5 times for
5 minutes each with buffer. Both cells and tissues were post-fixed with 1% osmium
textroxide (EMS) in 0.15M cacodylate buffer at pH 7.4 for 30 minutes, dehydrated with an
ethanol series and embedded in Durcupan ACM Fluka epoxy resin (Sigma) for both EELS
and EFTEM. The embedded specimens were sectioned with a Leica Ultracut UCT
ultramicrotome at 100-150 nm. The sections were glow discharged by a Cressington 208
Carbon Coater and a 1:5 dilution of 10 and 20 nm colloidal gold (Ted Pella) were added
onto the sections. The sections were carbon coated by a Cressington 208 Carbon Coater on
both sides of the sections to reduce section drift of sections under the beam and prevent the
gold particles from coming of the sections.

Electron Microscopy

Electron microscopy was performed with a JEOL JEM-3200EF transmission electron
microscope, equipped with a LaBg single crystal cathode operating at 300 KV. The
microscope was fitted with an in-column Omega filter after the intermediate lenses and
before the projector lenses. The spherical and chromatic aberration coefficients of the
objective lens are 3.2 and 3.0 mm respectively. Conventional TEM and EFTEM images
were collected using a condenser aperture of size 120 um, an objective aperture of size 15
um and entrance aperture of size 120 um was used. Additionally, a selective area aperture of
size 50 um was used for acquisition of electron energy-loss spectra. The spectrometer
energy resolution is 1.5 eV, measured as the FWHM of the zero loss peak. Before the
acquisition of elemental maps, the region of interest was pre-irradiated with a low beam
dose of 3.5 x 104 e/nm? for about 15 mins to stabilize the sample and to reduce
contamination (Egerton, et al., 2004).

The recommended width of the energy filter to avoid blurring due to chromatic aberrations
is between 10 — 50 eV (Hofer, et al., 1997). For our sample, the best compromise between
resolution and SNR was obtained at an energy width of 40 eV. The elemental maps
presented in this paper were obtained for cerium and praseodymium at their My 5 edge. The
My 5 edge onset for Ce and Pr occurs at 883 and 931 eV respectively (Ahn & Krivanek,
1983). The elemental maps were constructed using the three-window method (Berger &

Microsc Microanal. Author manuscript; available in PMC 2014 September 29.
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Kohl, 1993; Egerton, 1996) with two pre-edge images used to calculate and extrapolate the
background signal, which is subsequently subtracted from the post-edge image acquired at
the elemental edge. For accurate background subtraction, elemental maps constructed with a
four-window method (3 pre-edges and 1 post-edge) are sometimes recommended (Heil, et
al., 2012). We preferred a three-window method to a four-window method because the total
acquisition time is less and hence, beam induced sample damage is significantly lower. For
both Ce and Pr maps, the two pre-edge images were obtained at the same energy-loss region,
of 791 — 831 eV and 836 — 876 eV, respectively. The post-edge image for Ce and Pr was
obtained at an energy loss of 881 — 921 eV and 932 — 972 eV, respectively.

Image acquisition and processing

All of the images were acquired using two camera systems. One system is a DE-12 camera,
which is a direct detection device from Direct Electron LP. (San Diego, CA). The other is a
CCD based Ultrascan 4000 from Gatan (Pleasanton, CA). The format of the DE-12 detector
is 3072 x 4096 pixels and the Ultrascan 4000 is a 4096 x 4096 pixel. The physical size of
the pixels in the DE-12 detector and the Ultrascan 4000 are 6 um and 15 pum respectively.
The DE-12 detector is installed in the film chamber immediately below the viewing screen,
and the Ultrascan 4000 is placed below the DE-12 detector. The geometric post-
magnification was measured using the standard TEM calibration sample of diffraction
grating replica from Ted Pella, and was found to be 1.2 and 1.7 for the DE-12 and Ultrascan
4000, respectively. The image acquisition and camera control of the Ultrascan 4000 was
through the Digital Micrograph (Krivanek, et al.) image suite (Gatan Inc.) and the DE-12
was controlled by the micro-manager software (Edelstein, et al., 2010).

For both the pre and post edges, a series of sub-images were collected, each at 20 sec
exposure per sub-image. The DE-12 is capable of reading out at 30 frames/second, however
for this work, the frame rate was set to 0.1 frames/second (two frames are added to create a
sub-image on the DE-12). The fast sub-frame, and rolling reset and readout makes much
shorter sub-framing possible without any dead time during readout. Typically, for an image
series obtained without any binning, a total of 16 sub-images were collected for each edge
(exposure time = 320 sec per edge) with a total exposure time for all 3 edges of just under 16
mins. The sub-images in the series were merged into a single stack, and then aligned and
summed to compensate for any specimen drift. The 10 and 15 nm gold nanoparticles
dispersed on the sample were used to measure the successive drift between the sub-images
in the stack. Initial attempts to measure drift between the sub-images using the cross-
correlation algorithm of Digital Micrograph did not yield good results. The low SNR of the
high-loss EFTEM images combined with presence of hot pixels either due to incorrect dark
current subtraction or due to X-ray hits on the detector and fixed pattern artifacts, resulted in
a spurious maximum intensity peak always occurring at the origin in the cross-correlated
image (Shigematsu & Sigworth, 2013). We obtained consistent drift measurement values for
image stacks acquired with both the Gatan Ultrascan and DE-12, using the MTrackJ plugin
of ImageJ (Meijering, et al., 2012). The feasibility of more sophisticated drift correction
algorithms have not been tested for our application (Schaffer, et al., 2004; Shigematsu &
Sigworth, 2013). The positions of 3 gold nanoparticles were tracked for each sub-image of
the stack, using the MTrackJ. A Gaussian smoothing filter of 3 pixels was applied to the
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sub-images to improve the visibility of the nanoparticles. The average of X and Y drift
vectors calculated from 2 of the 3 gold nanoparticles that showed lesser variance were used
to calculate the drift vector. The sub-images were subsequently translated along the X and Y
vectors to bring all the images of the stack in alignment. The aligned sub-images were then
summed to give a corresponding pre or post edge image.

The resulting two pre-edges and the post-edge were then used to compute the elemental map
by using the EELS analysis module of Digital Micrograph software (Gatan, Inc.). The
background calculation was based on a power-law or constant R power law model of DM
(Egerton, 1996; Gatan, 2012). The images from the DE-12 were imported into the Digital
Micrograph software in order to perform the elemental mapping calculations. Since format
of the pre-edge and post-edge images acquired on the DE-12 detector, were different from
the format of the DM software acquisition, the image tags, which contain the spectrometer
filter information and microscope imaging conditions had to be copied from a standard
EFTEM image acquired with the DM software for the same imaging conditions, using a
script (Mitchell, 2002). The EFTEM images acquired with the Gatan Ultrascan 4000 were
dark current subtracted and flatfield corrected. The EFTEM images acquired with the DE-12
were dark current subtracted only. As described below, it is not necessary to perform gain
normalization with a direct detection device.

Results and Discussions

In an effort to understand the extent to which the sample drifts during long acquisition times,
we set out to measure drift on a standard sample. To measure the specimen drift, gold
nanoparticles of size 10 and 20 nm were dispersed on a section of mouse brain and a thin
layer of amorphous carbon was deposited on the sample to improve the sample stability
under the electron beam (see Fig. 1a). The specimen was pre-irradiated under the electron
beam at a low total dose of 3.7 x 10% e/nm? on the sample for about 10 mins. After beam
stabilization, conventional TEM images were acquired at a magnification of 12000x for an
exposure time of 1 sec, at an interval of every 2 min for an hour using the Ultrascan 4000
CCD detector. The sample was exposed to the electron beam continuously for the entire 1
hour, and for a total dose of 1.7 x 108 e=/nm2, which is typical of the dose the sample is
subjected to during core-loss EFTEM imaging. The drift between successive images was
calculated by the procedure described above. Fig. 1a shows the extent of the drift of 5 gold
particles of 20 nm size between the first and last image. Fig. 1b shows the successive drift
vectors in both X and Y directions. As can be seen in Fig. 1b, the sample drift is
approximately along the same direction, however the magnitude of drift was not uniform
varying from 1 pixel to 36 pixels between successive images. The net drift in X direction
was 427 pixels (~ 7.2 pixels/min) and Y direction was 169 pixels (~ 2.8 pixels/min).

Fig. 2a shows a conventional TEM image with a 4k x 4k format of a cerium labeled
endosome acquired with the Ultrascan 4000 at a screen magnification of 6kx for an exposure
time of 1 sec. Fig. 2b shows an energy loss spectrum acquired on the Ce labeled endosome
(darker regions) of Fig. 2a, obtained at a magnification of 10kx with a spectrum dispersion
of 200 um/eV and for an exposure time of 60 sec. In Fig. 2b, the presence of Ce can be seen
clearly by its characteristic elemental M, 5 edge onset at an energy-loss of 883 eV. Fig. 2c

Microsc Microanal. Author manuscript; available in PMC 2014 September 29.
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shows a 4k x 4k Ce post-edge image of the region shown in Fig. 2a, obtained at screen
magnification of 6kx with an exposure time of 20 sec on the Ultrascan 4000. Fig 2c clearly
shows fixed pattern noise arising due to uncertainties in flat-fielding at low doses, which
arise from variations in pixel dark noise, readout amplifier noise, as well as shot noise in the
scintillator. Fig. 2d, shows a 3k x 4k Ce post edge image of the same region shown in Fig.
2c, acquired with a DE-12, at a screen magnification of 6kx and for an exposure time of 20
sec. The dose per pixel of the detector was kept the same as for the CCD image. The dose on
the detector measured in conventional TEM mode was ~ 530 e™/pixel.sec, and was kept
consistent for both the detectors during the energy-filtered image acquisition. It can be seen
that the field of view is much smaller in Fig. 2d because the DE-12 is a much smaller
detector (25 x 19 mm) in comparison to the Ultrascan 4000 detector (62 x 62 mm). The
smaller physical size of pixels (6 um) combined with the high modulation transfer function
(MTF) of the DE-12, provides high spatial resolution and image detail even at lower screen
magnifications (Jin, et al., 2008). Unfortunately, in the CCD systems, each electron incident
on the scintillator screen will produce a footprint, that limits the spatial resolution of the
CCD detectors. The FWHM of beam broadening for a 300 KV electron beam is about 30 um
for a bright self supported scintillator screen (Fan & Ellisman, 1993; Jin, et al., 2008).
Additionally, for fiber coupled scintillator based cameras, as a result of backscattering from
the underlying fiber-optic plate, the effective beam broadening can be as high as 50-100 pm
(Daberkow, et al., 1991; Fan & Ellisman, 2000). The FWHM of the beam spread of a 300kV
electron beam on a DDD detector calculated from the edge measurements was found to be ~
12 pm, which is consistent with the specifications from the manufacturer (Direct Electron,
2013).

Fig. 2e and 2f, are magnified views of the summed Ce post-edge images of the region shown
in a white box in Fig. 2c, acquired with the Ultrascan 4000 and the DE-12 detector,
respectively. The summed images were created by adding 16 individual post-edge sub-
images (shown in Fig. 2c and 2d) after they were corrected for any drift. Therefore, the
effective exposure time for the images in Fig. 2e and 2f is 320 sec. Clearly, with the
Ultrascan 4000, the fixed pattern noise in the individual sub-images (Fig. 2c) gets added up
in the summed post-edge image in Fig. 2e. In addition to this, small white spots can be seen
at the top left of Fig. 2e (region within the large white circle), also known as point
blemishes, which are caused by spurious X-rays hitting the scintillator screen (Anderson,
2008). These are typically 1 — 4 pixels wide, and largely concentrated at the center of the
detector (i.e. center of Fig. 2c), because X-rays travel in straight lines and their trajectories
are not affected by the magnetic lenses of the TEM column. These point blemishes should
not be confused with the somewhat larger bright spots seen in the image, which are due to
the gold nanoparticles showing up in the background. In Comparison, the Ce post-edge
obtained with the DE-12 detector looks clean, and has neither any fixed pattern noise nor
point blemishes. The SNR was calculated for a ~ 50 nm x 50 nm region of the sample
containing Ce particles for images in Fig. 2e and 2f. The SNR for the Ce post-edge acquired
with the CCD based Ultrascan 4000 was 4.4, and the SNR for the Ce post-edge acquired
with DE-12 detector was 12.5. This is a significant 2.8 times increase in SNR with the
DE-12 detector.

Microsc Microanal. Author manuscript; available in PMC 2014 September 29.
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In addition to increased SNR of the DE-12 detector in comparison with the CCD based
Ultrascan 4000 detector, the total acquisition time is also considerably shorter. In case of the
CCD detectors, the sensor remains exposed to the scintillator photons for the desired
exposure time of the image, after which the charge accumulated in each pixel is readout
sequentially into an output register and converted into a Digital Number by the A/D.
Therefore, there is a dead time between readout of successive image, which is ~ 7 sec for a
single 4k x 4k image. This increases the overall acquisition time by 35 % for the acquired
image series on the Ultrascan 4000, which is consistent with > 50 % increase in the total
acquisition time with CCD based detectors reported by other investigators (Heil & Kohl,
2010). The DE-12 sensor uses a massively parallel readout scheme, where the sensor is
integrating charge for the next frame while reading out the previous frame. The dead time
that the sensor is not responsive to primary electrons is well within 2 microsecond,
negligible compared to the frame readout time of >25 milliseconds. The DE-12 sensor
employs rolling shutter, which means that the beam shutter cannot be perfectly aligned with
the start of the sensor readout. Therefore, the first frame of a sequential image series
acquisition is discarded to remove the rolling shutter artifacts. This increases the overall
acquisition time by just ~ 6% with the DE-12 detector.

Fig. 3a and 3b, show the calculated cerium elemental map of the region shown in Fig. 2,
based on the use of the two cerium pre-edges and a cerium post edge (3-window method,
power-law background subtraction), with Ultrascan 4000 and DE-12 detectors respectively.
Fig. 3b, clearly shows the region where the cerium particles were tagged to the endosome, as
expected. In Fig. 3a, it can be seen that the fixed pattern noise and the point blemishes seen
in Fig. 2e are transferred to the cerium elemental map as well, and the locations of cerium
particles in the image cannot be discerned from the background. Due to the fixed pattern
noise, the cross-correlation between the 3 images (2 pre-edges and 1 post-edge) is extremely
difficult, which is evident from the image artifact of alternating bright and dark spots (point
blemishes) in Fig. 3a.

When the elemental maps are very noisy and contain artifacts, it is proposed that a better
alternative may be the jump-ratio image (Hofer, et al., 1997; Krivanek, et al., 1993). The
jump-ratio images are created by dividing the post-edge image by a pre-edge image (two
window method), however, this is generally not used for elemental quantification as it is not
considered a true elemental map (Hofer, et al., 1997). Fig 4a and 4b, show the jump-ratio
image of the cerium labeled endosome shown in Fig. 2, based on the 1st pre-edge image
(791 — 831 eV) and the post-edge image (881 — 921 eV), with the Ultrascan and the DE-12
detectors respectively. The cerium jump-ratio image obtained with the DE-12 detector (Fig.
4b) is comparable in contrast to the cerium elemental map obtained with the same detector
(Fig. 3b). However, in case of the Ultrascan 4000 detector, the cerium jump ratio image
(Fig. 4a) has better contrast than the cerium elemental map (Fig. 3a). Although, Fig. 4a is
still noisy with the fixed pattern and point blemish artifacts, the cerium tagged endosome is
visible in the image, which was otherwise completely lost in the noise in Fig. 3a.

The fixed pattern noise in the CCD images (see Fig. 2c, 2e, 3a and 4a) is due to uncertainties
in flat-fielding, dark and read-out noise (Bosman & Keast, 2008; Howell, 2006; Shuman &
Kruit, 1985). The flat-fielding process assumes that the pixels are uniformly illuminated,

Microsc Microanal. Author manuscript; available in PMC 2014 September 29.
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however this is not true for core-loss EFTEM imaging as the total dose on the detector is
extremely low and the relative intensity variations resulting from large variations in the
number of photons produced by each electron in the phosphor for such low electron fluxes
between adjacent pixels can be extremely large. The DE-12 detector detects electrons
directly, and is not subjected to the discrepancies arising from electron to photon conversion.
The direct detector images are of course subject to fluctuations in the number of electron-
hole pairs produced by a primary electron interaction in the epitaxial layer. However, pixel-
to-pixel variations in gain are not as significant a problem with the DDD detector. The result
is that EFTEM images can be obtained with just the dark current subtracted on the DE-12
detector without the appearance of fixed pattern artifacts.

The signal to noise in pre/post edge images obtained with the CCD detector can be
minimized, by performing an on-chip pixel binning. For example, a 4 x 4 pixel binning
operation would result in a final signal value that is 16 times that of a single pixel value, but
only 1 times the read noise. Fig. 5a shows a conventional TEM image, at 4k x 4k format, of
a praseodymium labeled astrocyte acquired on the Ultrascan 4000 at a screen magnification
of 6kx, for an exposure time of 1 sec. Fig. 5b shows an energy loss spectrum acquired on the
Pr regions of Fig. 5a, obtained at a magnification of 20kx, for a spectrum dispersion of 150
um/eV and for an exposure time of 20 sec. In Fig. 5b, the presence of Pr can be seen clearly
by its characteristic elemental M, 5 edge onset at an energy-loss of 931 eV. Fig. 5¢ shows a
1k x 1k summed Pr post-edge image, acquired with the Ultrascan 4000, for a 4 x 4 hardware
binning. The summed image in Fig. 5¢ was created by adding 8 individual Pr post-edge sub-
images, each acquired for 20 sec exposure. Clearly, binning has eliminated the fixed pattern
noise seen in Fig. 2c, but with a proportional decrease in the image resolution. Fig. 5d shows
a 3k x 4k summed Pr post-edge image acquired with the DE-12 detector, without any
binning and hence retaining the full native resolution of microscope-detector system. Fig. 5d
was created by adding 10 individual Pr post-edge sub-images on the DE-12, each acquired
for 20 sec exposure. The SNR for the binned Ultrascan 4000 in Fig. 5¢ is 8.0 and nearly the
same as the SNR for the unbinned DE-12 image in Fig. 5d, which is 8.2. The SNR was
calculated for a ~ 120 nm x 120 nm region of the sample containing Pr particles for images
in Fig. 5¢ and 5d.

The dose on the detector measured in conventional TEM mode prior to any binning was ~
470 e~/pixel.sec, and was kept consistent for both the detectors during the energy-filtered
image acquisition. To obtain the same SNR, the CCD Ultrascan 4000 was exposed ~ 12.8
times the dose of the DE-12 detector. Fig. 5e and 5f, are the Pr maps obtained by the 3-
window method (constant R power-law subtraction) with the Ultrascan 4000 and DE-12
respectively. With binning, an elemental map of reasonable quality can be obtained on the
Ultrascan 4000, which was otherwise very difficult to obtain without binning (see Fig. 3a).
However, the image detail of the CCD elemental map (Fig. 5e) is inferior to DE-12
elemental map (Fig. 5f).

Conclusion

To compensate for the sample drift during the long exposures required for core-loss energy-
filtered TEM imaging, sub-images were acquired at shorter exposure times and then

Microsc Microanal. Author manuscript; available in PMC 2014 September 29.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ramachandra et al.

Page 9

subsequently aligned and summed. We have shown that with the use of the DE-12 direct
detection device (DDD), a 3x improvement in SNR in comparison to the Gatan Ultrascan
4000 charge coupled device (CCD) for the acquisition of energy-filtered TEM images in the
core-loss region. As the Ultrascan 4000 is a high-end fiber-coupled CCD based system, we
expect these results to be accurate in comparison with CCD based systems in general. The
improvements in SNR with DDD are dramatic. We expect further improvements with the
use of the latest back-thinned DDD detectors. Also, due to the zero dead time between
readouts, the DDD detectors should enable interesting applications in the low-loss region, as
in the case of real time in-situ elemental imaging.
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Figure 1.
(a) Shows the direction and the extent of drift (see the marked lines in the image) for 5

randomly chosen gold nanoparticles dispersed on a section of myelinated axons at corpus
callosum, after 1 hr. The drift was calculated by acquiring a series of 30 conventional TEM
images (4k x 4Kk) at an interval of 2 min for an exposure of 1 sec. (b) Shows the drift vector
between successive images; an average drift of 7.2 pixels/min in the X direction and 2.8
pixels/min in the Y direction was observed.
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Figure 2.
(a) A conventional TEM image (4k x 4k) of Ce labeled endosome, acquired by an Ultrascan

4000 at a screen magnification of 6kx and exposure time of 1 sec. The darker regions show
presence of Ce particles. (b) An energy-loss spectra obtained for a 60 sec exposure, showing
the onset of Ce edge at 883 eV. (¢) Shows a Ce post-edge image (4k x 4Kk) acquired at
viewing screen magnification of 6kx and exposure time of 20 sec on the Ultrascan 4000 for
a 40 eV slit width. (d) Shows a Ce post-edge image (4k x 3k ) also acquired viewing screen
magnification of 6kx, and for the same imaging conditions as in (c) with the DE-12 detector.
(e) Summed Ce post-edge images (4k x 4k) obtained after adding 16 drift corrected
individual post-edge images acquired on the Ultrascan 4000. (f) Summed Ce post-edge
images (3k x 4k) obtained after adding 16 drift corrected individual post-edge images
acquired on the DE-12. (e) and (f) are the magnified view of the region shown in a white
box in (c). The large white circle in (e) shows the region affected by point blemishes caused
by spurious X-rays hitting the detector. The Gaussian smoothing filter of 3 pixels was
applied to figures (c) — (f).
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Figure 3.
(a) Shows a cerium elemental map from the region shown in Fig. 2, obtained using an

Ultrascan 4000. (b) Shows a cerium map obtained from the same region using a DE-12
detector. The Gaussian smoothing filter of 3 pixels was applied to the images.
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Figure4.
Shows a cerium jump-ratio image using the 1st pre-edge (791 — 831 eV) and the post-edge

(881 — 921 eV) image from the region shown in Fig. 2. (a) using an Ultrascan 4000 detector.
(b) using a DE-12 detector. The Gaussian smoothing filter of 3 pixels was applied to the
images.
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Figure5.
(a) A conventional TEM image (4k x 4Kk) of Pr labeled astrocyte, acquired with an Ultrascan

4000 at a screen magnification of 10kx and exposure time of 1 sec. The regions of darker
contrast show presence of Pr particles. (b) An energy-loss spectra obtained for a 20 sec
exposure, showing the onset of Pr edge at 931 eV. (c) Shows a 1k x 1k summed Pr post-
edge image of 8 individual drift corrected images, each acquired for a 20 sec exposure by an
Ultrascan 4000. An on-chip hardware binning of 4 x 4 pixels was used. (d) Shows a 3k x 4k
summed Pr post-edge image of 10 individual drift corrected images, each acquired for a 20
sec exposure with the DE-12, without any binning. (e) Pr map for the images acquired by an
Ultrascan 4000. (f) Pr map for the images acquired by a DE-12.
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